THE STABLE FLY, Stomoxys calcitrans (L.), is an economically important bloodsucking pest of feedlot and dairy cattle (Bruce and Decker 1958 , Berry et al. 1983 , Morgan et al. 1983 , Campbell et al. 1987 . In the United States. annual losses in cattle caused by this pest have been estimated at $398.8 million (Drummond et al. 1981) .
Historicdy, stable fly control has been directed at adult populations and relies mainly on the use of insecticides. However, little information is available on insecticide susceptibility of field stable fly populations when compared with the house fly and other arthropod species. Resistance in stable flles was reported to DDT, lindane, and chlordane, with cross resistance to dieldnn (Somme 1958 (Somme , 1962 McDuffie 1960; Drummond 1977) . Mount (1965) reported resistance in stable flies to dieldnn in the United States, and Hanis et al. (1972) 
tested strains of stable flies
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from South Africa and detected resistance to toxaphene and lindane. More recently, Cilek and Greene (1994) found resistance to &chlorvos (237.6-fold), and some degree of tolerance to stirofos (4.6-fold), and permethrin (1.8-fold) in stable fly populations from southeastern Kansas.
In assessing insecticide susceptibility, it is critical to choose a bioassay technique that is precise and sensitive enough to detect changes in susceptibility status of field populations as they occur. In the study reported here, 3 bioassay techniques were compared to determine which would be more sensitive for resistance detection in stable fly populations. These techniques were used to evaluate permethrin, stirophos, and methoxychlor in field populations of stable flies from southeastern Nebraska.
Materials and Methods
Insecticides. All insecticides used were technical grade and &luted in either reagent-grade chloroform. (stirofos residues on filter paper) or acetone (all others reference for insecticide susceptibility because it has been isolated from insecticide exposure since 1952. In the 1st yr of this study, field stable flies were collected from 3 feedlots in 2 southeastern Nebraska counties: feedlots A and C in Saunders County and feedlot B in Lancaster County. In the 2nd yr, only feedlots A and B were sampled. Population A had a record of recent insecticide use (adult fly control with permethrin using a mist blower) whereas the other two feedlots (B and C) had not been s~raved for 2 vr. We were unable to I i obtain accurate historical records of insecticide applications in the region, although use of insecticides for fly control was minimal.
Adult field stable flies were collected from the legs of a calf using the stanchioned-calf vacuuming technique (Thomas et al. 1989) . After collection, field flies were transferred immediately to cages and transported to the laboratory. Bioassays were performed on the day of capture, usually within 2 h. Both males and females were used in the bioassays, representing a random sample from field collections. Insecticide-susceptible laboratory flies were tested at 3-5 d of age. After treatment, test insects were kept in an incubator at 25OC 2 1 and a photoperiod of 12:12 (L:D) h.
Exposure to Residues on Filter Papers. Treated filter papers (9 cm dameter, grade 1, Whatman, Hillsboro, OR) were prepared by applying 1 ml of the appropriate solution to each filter paper and allowing them to dry. The treated filter papers were then wrapped in aluminum foil packets and stored at 4°C until used in bioassays (no longer than 3 d). According to Sheppard and Hinkle (1987) , treated filter papers kept in foil packets can be used for 6 mo or longer. Eleven concentrations were used for all bioassays. Controls consisted of filter papers treated only with acetone (permethrin and methoxychlor bioassays) or chloroform (stirofos bioassays). Flies were aspirated from the cage and counted on a chilling table. Each bioassay consisted of 3 complete tests using 3 groups of 20 flies from each population for each treatment level in a test. Plastic petri &shes (100 by 15 mm standard, Fisher, St. Louis, MO) were used to expose flies to treated filter papers, and lids were perforated to allow air flow. Test flies were laced on the un-I treated petri dish cover to allow them to recover from anesthesia. Each petri dish was provided with a water-saturated dental wick laced on the ~e t r i I I dish bottom. Three replications were performed with each of the 3 insecticides on the insecticidesusceptible laboratory colony. This technique was used during the 1st yr of the study.
Exposure to Residues on Glass Petri Dishes.
Serial dlutions were prepared from a stock solution to produce 5-10 concentrations. Acetone was used as the solvent for all insecticides. Each bioassay consisted of 3 complete tests using 3 groups of 20 flies from each population for each treatment level in a test. Each test was composed of 5-10 concentrations. Standard glass petri dishes were used (interior bottom diameter of 9 cm). For each concentration, 2 ml of the appropriate solution were applied to the bottoms of 3 petri &shes and distributed uniformly by gently rotating the dishes while drying. Acetone alone was applied in a similar manner to each of the 3 control dishes. After treatment, the dishes were allowed to air dry for 2 3 h and then covered and stored in darkness at room temperature for at least 24 h before use (no loneer than 1 wk).
D
Before each bioassay, test flies were anesthetized using COz, separated into groups of 20, and placed into small screened containers. After all insects had been grouped, flies were anesthetized lightly again and placed in the respective petri dishes. Test flies were placed on the untreated petri dish cover to allow them to recover from anesthesia. Each petri &sh was provided with a water-saturated dental wick laced on the ~e t r i &sh bottom. Each time a I field fly population was tested, a simultaneous test was performed on the reference susceptible population. This technique was used in the 2nd yr of the study.
Topical Exposure. Stable flies were separated into groups of 15 and placed in disposable cups before treatment. Cups containing 15 flies were assigned randomly to each of 3 tests and, within a test, to each dose treatment. Each bioassay consisted of 3 complete tests using 3 groups of 15 flies of each population for each treatment level in a test, and each test was composed of 5-10 dose levels. Acetone was used as the solvent for all the insecticides. All serial dilutions were prepared the day before being used.
Flies were anesthetized with C 0 2 and 1 pl of the appropriate solution was applied to the notum of each fly using an Eppendorf micropipette (0.5-10.0 pl, Brinkmann, Westbury, NY). Controls were treated with acetone only. After treatment, flies were placed in paper cups (114 ml) that were covered with tulle cloth and secured with rubber bands. A water-saturated dental wick was placed on the bottom of each cup.
This technique was used in the 2nd yr of the study. Each time a field fly population was tested, a simultaneous test was performed on the reference susceptible laboratory population. Before each bioassay, a sample of =I00 stable flies was weighed to determine mean weights for each population on each bioassay date. This allowed us to convert lethal dose values from micrograms per fly to micrograms per milligram of body weight. Values within a colurnn were not significantly different ( P > 0.050). Significance of differences determined by likelihood ratio test for equality followed by painvise comparisons using nonoverlapping fiducial limits (Savin et al. 1977) . Field to susceptible (FS) ratio = lethal concentration (LC) value of the field population divided by the lethal concentration value of the reference susceptible strain. Micrograms (AI)/cm2. Feedlot A was sampled on 2 different occasions.
Data Collection and Statistical Analvsis. For
-, all exposure techniques, mortality was recorded at 2,4, and 24 h after exposure. Flies unable to stand upright were recorded as dead. Dose-mortality data were subjected to probit analysis (Finney 1971 ) using POLO-PC (LeOra Software 1987) . Field to susceptible ratios were calculated by &-vi&ng the lethal concentration value (residual exposure) or lethal dose value (topical treatment) of field populations by the correspondng value of the reference susceptible population. Significance of differences was determined by the likelihood test for equality of the lethal concentration or lethal dose values used to compute the ratios, followed by pairwise comparisons using nonoverlapping fiducial limits (Savin et al. 1977) .
Results
For all exposure techniques, insecticide exposure of stable flies for 4 h produced less variable results than when flies were exposed for only 2 h. The 24-h exposure period resulted in high control mortality (>30 %) of field-collected stable flies in many of the bioassays, regardless of technique. Therefore, only results from the 4-h exposure are presented.
Ex~osure to Residues on Filter P a~e r s . Permethrin was the only insecticide that produced data that could be analyzed by probit analysis as determined by the chi-square goodness-of-fit test. However, the lethal concentration values obtained by this technique (Table 1) were at least 1,000 times greater than those obtained by exposure to permethrin residues on glass petri &shes ( Table 2) . Susceptibility of field stable flies to permethrin residues on filter papers was not significantly different from that of the susceptible strain (Table 1) .
Exposure to stirofos resulted in low mortality of field stable flies from feedlots A and B (36.1 and 44.8 %, respectively) at the highest concentration tested (200 pg/cm2), which was at least 1,000 times greater than the concentration needed to cause U 90% mortality on the same populations by exposure to residues on glass petri dishes (Table 2) . Population C and the susceptible laboratory colony were tested up to 600 pg/cm2, and although higher mortality was achieved at that concentration (78.7 and 95.0%, respectively), oscillation in response Table 2 . Susceptibility of stable flies from southeastern Nebraska to insecticide residues on glass petri dishes Field to susceptible (FS) ratio = lethal concentration (LC) value of the field population divided by the lethal concentration value of the reference susceptible strain. *, Field to susceptible ratios significantly <1.0 (P > 0.050), as determined by the likelihood test for equality of the lethal concentration values followed by pairwise comparisons using nonoverlapping fiducial limits (Savin et al. 1977) .
a Micrograms (AI)/crn2. Lethal dose values and respective fiducial limits are multiplied by a factor of 1,000. Field to susceptible ratio = lethal dose value of the field population divided by the lethal dose value of the reference susceptible strain. *, Field to susceptible ratios significantly >1.0 (P > 0.050), as determined by the likelihood test for equality of the lethal dose values followed by painvise comparisons using nonoverlapping fiducial limits (Savin et al. 1977 ). a Average weight of a sample of 100 stable flies from each collectionhioassay date.
b Fiducial limits could not be estimated because g (index of significance For potency estimation [Finney 19711 > 0.5).
with increasing concentrations resulted in poor fit of these data to the probit model (data not shown). Dose-response of stable flies to methoxychlor was also inconsistent, especially in the susceptible laboratory population where response at the highest concentrations (100-600 pg/cm2) varied between 50 and 100%. As with the other insecticides, the highest concentrations tested were at least 1,000 times greater than the concentration needed to cause a 90% mortality in the same populations by exposure to residues on glass petri dishes (Table 0 \ L).
Exposure to Residues on Glass Petri Dishes.
This bioassay technique yielded suitable results for testing the susceptibility of stable flies to permethrin, stirofos, and methoxychlor. The slopes of the regression lines tended to be steeper with this technique relative to topical application, although differences were not significant. The susceptibility of field-collected stable flies was not significantly lower than that of the susceptible strain for any of the 3 insecticides tested. In fact, some lethal concentration values (stirofos) were lower when compared with the corresponding value of the susceptible population, as can be noted by the field to susceptible ratios significantly <1.0 (Table 2) .
Topical Exposure. Field to susceptible ratios significantly >1.0 were detected only when flies were treated topically, which suggests this technique is more precise. Stable flies from feedlot A treated topically with permethrin showed an FS(LDgO) ratio of 1.8 (Table 3 ). The same trend was observed for stable flies from feedlot B, but significance of differences could not be assessed because the data &d not allow for fiducial limits to be estimated (index of significance for potency estimation (g) >0.5, Finney 1971). Stable flies from feedlot A treated topically with stirofos showed an FS(LDso) ratio of 3.3 and an FS(LDg0) of 5.5 (Table 3) . However, this may not indicate resistance of the field population because it coincides with a significant increase in the susceptibility of the laboratory population tested on that date relative to other bioassay dates (2.3-fold). Topical exposure of stable flies from feedlot B to methoxychlor resulted in a FS(LDgO) ratio significantly >1.0 (3.4-fold). The same trend was observed in stable flies from feedlot A, but the observed &f-ference was not statistically significant.
Discussion
Results from this study indcate that residues on glass and topical applications are suitable for bioassay of insecticide susceptibility in stable flies. Residues on filter papers yielded inconsistent results with stirofos and methoxychlor, and although significant concentration-mortality regression lines were generated with permethrin residues on filter papers, at least 1,000 times more insecticide was required to produce a toxic response relative to residues on glass. The greater sensitivity of the latter method is especially important in estimating susceptibility to low residue amounts. Because of the high variability in these data and the much greater amounts of insecticide required, residues on filter papers are not recommended to test insecticide susceptibility in stable flies. Thus, the rest of the discussion will focus only on the 2 techniaues that &d vield reliable results: residues on 1 , glass and topical application.
Field to susceptible ratios significantly >1.0 were observed only when the flies were treated topically (which allowed for corrections in body weight dfferences between the laboratory and field population). However, the magnitude of these ratios was small (<3.5-fold) and comparable to ratios obtained when the susceptible colony was tested on mfferent dates (data not shown). Therefore, we believe these ratios are not indicative of resistance to the insecticides tested, but rather reflects natural variation in response of stable flies. The existence of shifting response curves in different generations of insecticide susceptible colonies has been reported previously in the stable fly (Harris et al. 1972 ) and in other insect species (Savin et al. 1977) . This emphasizes the need for periodc testing of laboratory populations, because such changes may alter comparison ratios and therefore result in misclassification of a field population as to its resistance status.
In most paired comparisons, the slope of the regression line for the field population was significantly less steep (P < 0.05) than that of the susceptible population in the paired bioassay, for both techniques. For each insecticide, slopes obtained from either the susceptible or field populations tended to be slightly steeper with the glass residue method than with topical application, although differences were not significant. Although significant field to susceptible ratios were detected only when flies were treated topically, suggesting it is a more sensitive method, it is important to recognize that residues on glass more closely approximate the mode of exposure of flies to residual insecticides in feedlots and it allows for dishes to be prepared in advance and sent to different locations for testing. Development of a &agnostic bioassay using residues on glass should significantly improve the efficiency of this technique in resistance monitoring.
In a similar study, topical application was recommended over residues on glass for testing DDT resistance in house flies (Dahm et al. 1961) . However, residues on glass proved to be a more sensitive method for testing pyrethroid resistance in horn flies (Hinkle et al. 1985, Sheppard and Hinkle 1986) . This reinforces the importance of testing the appropriateness of different bioassay techniques for assessing susceptibility in any given insecticide-insect system before recommendations are made for large scale monitoring. Stable fly populations should continue to be surveyed for resistance to the insecticides currentlv used and to evaluate new insecticides that are d&eloped for stable fly control. Further research is needed to develop more practical resistance detection techniques, so that efficient areawide monitoring programs can be established.
